We study hypothetical gauge bosons that may produce dijet resonances at the LHC.
I. INTRODUCTION
If a new particle is produced in the s-channel at hadron colliders, then it can decay into a pair of hadronic jets ("dijet"). The invariant mass distribution of the dijet exhibits a peak at (or slightly below) the mass of the new particle Searches for narrow dijet resonances at hadron colliders have been performed over the last three decades by the UA2 [3, 4] and UA1 [5] experiments at the SPS collider, the CDF [6] [7] [8] [9] [10] and D0 [11] experiments at the Tevatron, and the * bdob@fnal.gov † felixyu@fnal.gov ATLAS [12] [13] [14] [15] [16] [17] [18] [19] and CMS [20] [21] [22] [23] [24] [25] experiments at the LHC. The results are traditionally presented as limits on an effective rate (defined as cross section times branching fraction times acceptance)
to produce a resonance as a function of its mass.
While this procedure has the advantage of being rather model-independent, it complicates the comparison of experimental results with theoretical models.
The acceptance, in particular, requires the computation of the probability for the two jets to be observed in a certain geometric region of the detector. This can be done analytically given the differential cross section of the signal and the kinematic cuts, as long as effects arising from showering, from an assumed Gaussian signal (in the case of ATLAS [16] ), or from a mismatch between partons and analysis-level wide jets are negligible. Otherwise, it is necessary to perform a simulation based on the jet selection criteria used by the experimental analyses.
The effective rate procedure also precludes a comparison of the limits set in pp collisions (at the SPS and the Tevatron) with those from pp collisions (at the LHC). Even for a particular collider, it is hard to compare the limits set during runs of different energies, because the cross section grows with the center-of-mass energy ( √ s ) for a fixed resonance mass. A naive hope is that limits set at the larger √ s and with larger integrated luminosity would supersede previous limits. The situation is not so straightforward because the backgrounds also increase so that the trigger thresholds for a jet-only final state need to be increased. As a result, the sensitivity to lighter resonances can be better in the runs using lower luminosity or lower energy. For example, the ATLAS dijet limits from √ s = 7 TeV start at a resonance mass that has increased with luminosity from 0.3 TeV [12] to 0.6 TeV [13] to 0.9
TeV [16] to 1 TeV [17] , and those from √ s = 8
TeV start at a mass 1.5 TeV [18, 19] .
In this article we explore a unified presentation of the dijet limits in a coupling-versus-mass plot. The mass and coupling refer to a certain hypothetical particle, of a given spin and SU (3) c × SU (2) W × U (1) Y charges, which is produced in the s-channel at hadron colliders and decays into a pair of jets. This is by no means a substitute for the effective rate plots, as it is more model-dependent. The coupling-versusmass plot, however, has the advantage of allowing simple comparisons of searches performed at different luminosities, experiments, √ s or colliders.
Furthermore, it provides a measure of how stringent the limits are given some natural ranges for the physical parameters.
Specifically, we consider an electricallyneutral spin-1 particle that couples in a flavoruniversal way to the SM quark-antiquark pairs and is leptophobic, i.e., its tree-level couplings to SM leptons vanish. This is well motivated by the following arguments. In many theories beyond the SM, there are particles that can be produced from a quark-antiquark initial state and lead to a dijet resonance with large rates. By contrast, both the gluon-gluon (as in the case of the Higgs boson) and quark-gluon initial states require a loop to produce an s-channel resonance, so that the signal is typically too small (at least in perturbative theories) to compete with the dijet background. The quark-quark initial state could lead to an s-channel resonance if there is a di-quark scalar, but in that case flavorchanging processes typically impose strong constraints on its mass and couplings (these are relaxed in the case of the color-sextet, hypercharge-4/3 di-quark [26] ).
Electroweak symmetry suppresses the coupling of spin-0 particles to first generationpairs (an exception is the color-octet weakdoublet scalar [27] , but in that case there are strong flavor constraints). Leptophobic spin-2 particles, although possible, require much more complicated UV completions.
Including a spin-1 particle coupled to first generation quarks is more straightforward. Large flavor effects are avoided if its quark couplings are generation-independent. Moreover, the spin-1 particle should be associated with a spontaneously-broken gauge symmetry (unless the particle is a bound state whose compositeness scale is near its mass), and the cancellation of various gauge anomalies is more easily achieved for equal couplings to up-and downtype quarks. Although some of the above arguments can be evaded (for example, with a more complicated fermion sector that is anomaly-free), a flavor-universal gauge boson appears to be the simplest origin of a dijet peak. In order to couple to the SM quarks, the heavy gauge boson must be either a singlet or an octet under the SU (3) c color group.
In the case of the color singlet (a Z ′ boson), the dijet channel can be the discovery mode only if the Z ′ is nearly leptophobic (for an early model, see [28] ) and its decays into Higgs states [29] or vectorlike leptons [30] are suppressed. We consider Z ′ bosons whose tree-level leptonic and
Higgs couplings vanish, implying that the gauge charges are proportional to the baryon number.
The corresponding U (1) B symmetry is anomalous in the SM, but we will show that it is anomaly-free in the presence of a few vector-like quarks (the simplest charge assignment has been discussed in [31] ).
A color-octet gauge boson, referred to as the coloron [32] , is associated with a SU (3) 1 ×SU (3) 2 extension of QCD, and is automatically leptophobic. The coloron, in the case of flavor-universal couplings [33] , can arise from a simple renormalizable extension of the SM [34] . Although its low-energy effects are usually negligible (in contrast to the case of flavor-dependent couplings [35] ), the coloron can modify Higgs production via gluon-fusion [36] .
In Section II we present some simple renormalizable models that include a Z ′ boson coupled to baryon number (Z ′ B ) or a coloron (G ′ ). In Section III we use the existing experimental limits on the effective rate to derive the limits in the coupling-mass plane for Z ′ B , and also for G ′ . Section IV includes our conclusions.
II. MODELS OF DIJET RESONANCES
In this section we present some renormalizable models of spin-1 particles that are either color singlets (Z ′ ) or octets (coloron) and couple to quark-antiquark pairs. 
where z Q R is the U (1) B charge of Q R , etc. The
It follows that there is no U (1 anomaly cancels only if
We will refer to the z D R = z U R solution as the D=U model, and to the z D R = 7z U R + 3 solution as the D=7U+3 model. Both these models are in fact families of U (1) B charges for the vectorlike quarks described by a rational parameter (z U R ≡ z) and an integer n (the number of vectorlike flavors).
There is need for at least one scalar field, φ, to carry U (1) B charge and to have a VEV. The 'vectorlike' quarks are chiral with respect to U (1) B , so that they can acquire mass only by coupling to the VEVs that break U (1) B . In renormalizable models with only one φ scalar, Eq.
(1) then requires that the charge of φ is +1/n (charge −1/n 
where H is the SM Higgs doublet. In addition, decays into a SM quark and φ may proceed through the following Yukawa terms:
Even when the two particles described by the The D=7U+3 model with n = 1 has different decay patterns. For example, z = −2/3 implies
allowed, but U can decay via renormalizable interactions only if there is at least one additional field (e.g., a scalar S which is a SM gauge singlet, has U (1) B charge 0, and interacts through
The D=U and D=7U+3 models are identical for z = −1/2. In the n = 1 case, a second scalar
and
The choice of vectorlike fermions shown in Table I is simple but not unique. For example, anomaly cancellation in the presence of vectorlike leptons instead of quarks is also possible [38] .
A fourth generation of chiral quarks and leptons can also lead to the cancellation of the U (1) B
anomalies [39] , but this possibility is nearly ruled out [36] now by the measurements of Higgs production through gluon fusion [40] , and by direct searches for t ′ [41] and b ′ [42] quarks at the LHC.
The couplings of the Z ′ B to SM quarks are given by
where g B is the U (1) B gauge coupling (using the normalization where the group generator is 1/2), and is related to the coupling constant, as usual,
can decay into a pair of jets (including b jets) or into a tt pair (for a
, with partial decay widths given by
Here we have included the NLO QCD corrections and no electroweak corrections. If the decays into vectorlike quarks are kinematically closed, then the total width of Z ′ B is
B. Coloron
Another hypothetical particle that can easily produce dijet resonances with large cross section at the LHC is the coloron [32] , a spin-1 coloroctet gauge boson. The coloron, in the case of flavor-universal couplings [33] , is not significantly constrained by flavor processes nor by other low energy data. Furthermore, the coloron is automatically leptophobic.
The simplest gauge symmetry that can be associated with a heavy color-octet vector boson is
. This is spontaneously broken down to the diagonal SU (3) c gauge group, which is identified with the QCD one. A minimal renormalizable extension of the SM which includes a coloron, dubbed ReCoM, is analyzed in Ref. [34] . Assuming that all the SM quarks transform as (3, 1) under SU (3) 1 × SU (3) 2 , the couplings of the coloron to SM quarks are given by the Lagrangian term
where g s = √ 4πα s is the QCD gauge coupling and tan θ > 0 is a dimensionless parameter.
If there are no new quarks mixing with the SM ones, and no additional color-octet spin-1 particles, then tan θ is the ratio of the SU ( Unlike the Z ′ B , whose UV behavior requires some new fermions, the flavor-universal coloron is anomaly free. Nevertheless, vectorlike quarks may be present, and if they mix with the SM quarks, then the lower limit on tan θ no longer applies [45] . Similarly, a second heavy spin-1 color-octet particle can mix with the coloron and dilute its couplings to quarks.
The partial decay widths of the coloron of mass M G ′ into jj (including bb) and into tt are given by
where only NLO QCD corrections are included. . In what follows, we will assume that the scalars are heavier than M G ′ /2, so that the total width of the coloron is simply the sum of the jj and tt partial widths shown in Eq. (10).
III. COLLIDER SEARCHES OF DIJET RESONANCES
We now detail our procedure and results for mapping the existing dijet resonance searches to the coupling-mass plane.
A. Mapping procedure and experimental limits As discussed in Section I, the partons responsible for s-channel production at hadron colliders are also a decay mode, and so the new particle must decay back to pairs of jets at some rate.
Models that give rise to a spin-1 dijet resonance are the most straightforward to construct. There has been a host of resonance searches from every experiment at hadron colliders in the dijet channel. We summarize all of them in Table II.
For each mass point and collider, we simulate an event sample of on-shell s-channel Z ′ B as well as coloron production (at leading order) with subsequent decay to light-flavor and b jets using MadGraph 5 v1.5.7 [48] with the CTEQ6L1 PDFs [49] . Each event is passed through Pythia v6.4.20 [50] for showering and hadronization, and then through PGS v4 [51] for basic detector simulation and jet clustering.
Choosing g B = 0.2 for the Z ′ B or tan θ = 0.2 for the coloron, we obtain the cross section times branching fraction from MadGraph 5, denoted σ 0.2 · B , as a function of mass for each collider.
We then implement the various triggers and cuts as described in each analysis listed in Table II to obtain an acceptance A. The ratio of the resulting simulated effective rate, σ 0.2 · B · A, to the limit from each relevant analysis in Table II allows us to extract the upper limit on the coupling as a function of mass:
and similarly for (tan θ) max .
We now discuss the most relevant searches, grouped according to the mass range probed.
Searches for m jj < 200 GeV
Although a couple of searches (from UA2 and CDF, see Table II) GeV. Mapping the UA2 limit to the couplingmass plane is simpler than the procedure required for later analyses because the UA2 analysis includes a table of efficiencies for selecting the signal events from background as well as for isolating the peak feature in the signal events (cf. Table   1 and Table 2 of Ref. [4] ). We linearly interpolate this overall efficiency to obtain a combined acceptance times efficiency factor. Finally, since the UA2 constraint is presented as a branching fraction limit on a sequential SM Z ′ , we unfold the Z ′ cross section to obtain an estimated σ · B limit, as discussed in Ref. [53] . After applying the overall efficiency, we obtain an effective rate limit from UA2, which we then map into the upper limit on the Z ′ B coupling shown on the left-hand side of Figure 1. 
Searches in the 200 -900 GeV mass range
The CDF [9] and D0 [11] searches using the full data samples (≈ 110 pb −1 ) of the Run I at the Tevatron compete for the best limit in the 200 − 260 GeV mass window. We choose to extract a limit from the CDF analysis, because it applies to a larger mass range.
Above 260 GeV, the CDF analysis using 1.1 fb −1 of Run II data [10] supersedes the Run I results. For the 260 − 900 GeV window, the only ATLAS [12, 13] and CMS [20, 23] 
Searches for resonance masses above 900 GeV
Most ATLAS and CMS searches begin at about 900 GeV. For the 900 − 1000 GeV range, the ATLAS 1 fb −1 search [16] is expected to be the most sensitive, as it has higher energy than CDF 1.1 fb −1 [10] , and a larger data sample than the other ATLAS [12] [13] [14] [15] and CMS studies [20, 23] .
From 1 − 1.2 TeV, the CMS 4.0 fb −1 search using 8 TeV data [24] is expected to be competitive with the earlier 7 TeV ATLAS 4.8 fb −1 [17] and CMS 5.0 fb −1 analyses [22] , superseding the ATLAS and CMS 1 fb −1 analyses [16, 21] . The slightly smaller amount of integrated luminosity analyzed in Ref. [24] compared to Refs. [17, 22] is counterbalanced by the slight increase in collider energy, giving comparable coupling sensitivities. This poses additional problems because the m jj distribution produced by any particle decaying to a pair of jets would be quite different from a Gaussian: a long tail at low invariant mass is induced by imperfect recapturing of final state radiation. To overcome this mismatch, we form the m jj spectrum after cuts and then model and apply a Gaussian core efficiency (ǫ G ) for our signal, which is an additional factor beyond the canonical acceptance. Our procedure of determining ǫ G is described in the Appendix.
The ATLAS limits are given for a variety of Gaussian widths: for each ATLAS limit, we adopt the smallest Gaussian width constraint in performing our mapping, since our resonances typically have intrinsic widths at the percent and sub-percent level.
B. Results and Discussion
Following the procedure described in Section III A for the leading experimental dijet limits, we obtain the coupling-mass mapping shown in Figure 1 for a spin-1 resonance Z ′ B . We have used the leading order production computed with MadGraph 5.
If the NLO corrections to the process pp → Z ′ B X → jjX are included in an event generator, then the mapping can be performed more precisely. We do not expect that they would change the values of g B by more than O(10%).
We emphasize that, unlike the usual σ · B · A would also push sensitivity to lower couplings in the several hundred GeV mass range.
The plot is not extended above g B = 2.5, because the U (1) B coupling constant is already large, α B = g 2 B /(4π) ≈ 0.5, so that it is difficult to avoid a Landau pole. For that large coupling, the current mass reach is around 2.8 TeV. On the contrary, the discovery of a coloron with tan θ < 0.15 would imply the existence of additional colored particles that can be probed in hadron collisions.
Unlike the U (1) gauge bosons, the coloron can be rather strongly coupled before reaching the perturbative upper limit, tan θ 6.7, because it is associated with a non-Abelian gauge interaction that is asymptotically free.
There is, however, a tighter upper limit on tan θ if the total width, Γ(
[see Eq. (10) We also note that any particle that produces a dijet resonance can also be produced in association with a W , a Z or a photon. Even though the cross sections for these associated productions are much smaller [34, 55] , the searches for W + jj, Z + jj, and γ + jj benefit from better triggers that extend sensitivity to lower resonance masses compared to the pure dijet resonance searches.
The coupling-mass plane can and should be used for any resonance search (as it has been done in some cases, e.g., [8, 9, 56, 57] ). In particular, the tt resonance searches can be interpreted in terms of the same Z ′ B or coloron. For these flavor-blind particles, it would also be interesting to investigate the complementarity between tt and dijet resonance searches.
If a dijet resonance will be discovered in the absence of a dilepton resonance at the same mass, it is likely that additional colored particles will remain to be discovered. To see this, recall (from Section II) that the Z ′ B requires some vectorlike fermions to cancel the gauge anomalies, while the coloron requires at least some scalars from the gauge symmetry breaking sector. 
APPENDIX: FROM GAUSSIANS TO

PARTICLES
As explained in Section III A, the effective rate in the case of ATLAS analyses is given by σ · B · A · ǫ G , where ǫ G is the efficiency of converting the limits on a realistic particle (whose m jj distribution has a long tail due to final state radiation) into limits on a Gaussian. As noted in the Appendix of Ref. [16] , the low-m jj tail should be removed as it does not contribute to the assumed Gaussian signal. In this Appendix we present a more precise procedure for estimating ǫ G .
We fit the m jj signal spectrum with a Crystal Ball function [58] ,
which is a combination of a truncated Gaussian and a power law tail; here A = n |α| n e −|α| 2 /2 , TeV, after implementing the CMS 20 fb −1 search [25] .
and N is an overall normalization factor. The fit parameters α, n,x, and σ correspond to the location of the power law-Gaussian crossover in units of σ, the power law exponent, and the mean and width of the Gaussian, respectively. Performing this fit allows us to use the Gaussian fit parameters to calculate the Gaussian core efficiency.
We have checked that this fitting function accurately reproduces the expected signal shape for our on-shell s-channel resonance production in the m jj spectrum, as shown in Figure 3 
From our simulated ATLAS m jj distributions, we get ǫ G values for both the Z ′ B and the coloron between 55% and 65%. 
